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1. Introduction 
Traditionally, the solid oral dosage manufacturing in the pharmaceutical industry is comprised 
of a sequence of unit batch operations. In recent years, the industry is moving away from 
these inefficient and expensive batch processes to more efficient continuous manufacturing 
techniques. This chapter focuses on one unit operation, i.e. continuous wet granulation by 
means of a twin-screw granulator (TSG).  
Previous studies of twin-screw granulation in the literature usually focus on the granules 
collected from the outlet of the TSG: linking factors such as process parameters or process 
variables (Vercruysse et al., 2012; Fonteyne et al., 2013) or formulation properties (Dhenge et 
al., 2013) to responses (e.g. granule properties). Other studies (Vercruysse et al., 2015; Djuric 
and Kleinebudde, 2008; Thompson and Sun, 2010) assessed the effect of screw elements on 
the resulting granule properties at the end of the granulator. In yet another study, Lee et al. 
(2012) tried to gain insight in the mixing behaviour in TSG by using positron emission 
particle tracking. However, these studies lack fundamental knowledge on the mechanisms of 
granule formation and growth/breakage occurring inside the TSG, which is hard to obtain 
when only experimental data is available at the system inlet and outlet. 
Since the ultimate goal is a predictive population balance model (PBM) for TSG, granule 
properties should be measured along the barrel to clearly distinguish between the different 
physical phenomena occurring at different spatial locations. In this chapter, we will address 
this aspect by gathering experimental data of granules (e.g. size) at different compartments in 
the TSG.  
Mechanistic mathematical models are powerful tools to assist the development of process 
knowledge. In the case of TSWG, where granule size is an important Critical Quality 
Attribute (CQA), Population Balance Models (PBMs) are a suitable framework as they allow 
the prediction of the dynamic granule size distribution (GSD). Many PBMs can be 
formulated, where the number of internal coordinates (i.e. particle properties) determines its 
dimensionality. Both one-dimensional (Kumar et al., 2016) as well as multi-dimensional 
PBMs (Barrosso et al., 2013) have been defined in the literature. However, PBMs for TSG are 
often being calibrated using assumptions and/or best-guessed values without any knowledge 
or experimental validation. A major reason was already mentioned earlier, i.e. the response 
availability is solely measured at the outlet. Furthermore, this applies to other granule 
properties such as moisture content, porosity, and other material properties. Therefore, multi-
dimensional PBMs, which for instance track the properties of granule size, moisture content 
and porosity become problematic in current usage with respect to lack of calibration data and 
initial conditions. For example, what is the initial moisture or porosity distribution when the 
granulation liquid hits the powder bed?  
Although significant improvements in data gathering have been made, it is currently still not 
feasible to measure such initial conditions. For this reason, we will limit ourselves to a one-
dimensional PBM with granule size as internal coordinate. The availability of data at different 
locations does, however, allow the PBM to be extended in a spatial way, leading to a so-called 
compartmental PBM. We will, moreover, focus on a tedious calibration procedure and use the 
knowledge available in the experimentally collected data to formulate the model. In this way, 
a bottom-up approach is used (starting from the available data) as a first step towards a 
predictive PBM for TSG. 
2. Experimental data collection 
The experimental setup is described by Verstraeten et al. (2017). Here, only a brief summary 
with the relevant details is given. Further details can be found in this reference. 
 The granules in the experimental study were produced using the ConsiGmaTM-25 system 
(GEA Pharma systems, Collette, Wommelgem, Belgium), which is a high shear twin-screw 
wet granulation (TSWG) module and is comprised of two 25mm diameter self-wiping, co-
rotating screws with a length-to-diameter ratio of 20:1 (Figure 1). 
The preblend and the granulation liquid (demineralised water) were introduced into the 
system by a gravimetric twin-screw loss-in-weight feeder (KT20, K-Tron Soder, Niederlenz, 
Switzerland), and two, out of phase, peristaltic pumps, located on top of the granulator 
(Watson Marlow, Cornwall, UK), connected to 1.6mm nozzles, respectively.  
A hydrophobic model drug was used for which the preblend contains 60% (w/w) 
hydrochlorothiazide (UTAG, Almere, Netherlands), 16% (w/w) lactose monohydrate 
(Lactochem® Regular, DFE Pharma, Goch, Germany), 16% (w/w) microcrystalline cellulose 
(Avicel® PH 101, FMC, Philadelphia, USA), 3% (w/w) hydroxypropylcellulose (Klucel® 
EXF, Ashland, Covington, Kentucky, USA), and 5% (w/w) crosscarmellose sodium (Ac-Di-
Sol®, FMC, Philadelphia, USA). 
A three-level full-factorial design of experiments (DoE) was performed to study the influence 
of the granulation process parameters screw speed (450, 675, and 900 rpm), material 
throughput (5, 12.5, and 25 kg/h) and liquid-to-solid (L/S) ratio (0.3, 0.45, and 0.6) upon local 
and final granule size distribution (GSD), liquid distribution and porosity distribution per 
granule size class. Local and final terminology refers to measurements inside and at the outlet 
of the granulator, respectively. The process parameters of the experimental conditions of the 
DoE are provided in Table 1. 
The DoE was performed with a fixed screw configuration: two kneading compartments, each 
comprised of six kneading elements (length = diameter/6 for each element) with a 60° stagger 
angle, separated by a conveying element with the same length equal to 1.5 times the diameter.  
The barrel's jacket temperature was set at 25°C. Samples were collected at four locations 
inside the barrel denoted by white numerals in Figure 1. The unique sampling procedure is 
extensively described in Verstraeten et al. (2017). After collection, the samples were oven 
dried to ensure that the granule properties did not change before measurement of the GSD. 
The size and shape distribution of the collected, oven dried, granule samples were analysed 
using a QICPIC particle size analyser with WINDOX 5.4.1.0 software (Sympatec, GmbH, 
Clausthal-Zellerfeld, Germany). The dry premix was analysed with laser diffraction using a 
Mastersizer® S (Malvern Instruments, Malvern, UK). The liquid distribution was assessed by 
adding a 0.5 % (w/w) coloured dye, Congo Red (Sigma-Aldrich, Darmstadt, Germany) to the 
granulation liquid. The dye recovery of the oven dried and sieved granules was measured 
using a UV-spectroscopy based method as described by Verstraeten et al. (2017). 
3. Granule size distributions at different locations 
The L/S ratio was found to be the factor with the greatest impact on the granule properties. 
After the wetting zone, a bimodal GSD was observed at low L/S ratios. This can be explained 
by the formation of loose, wetted agglomerates as granulation liquid is dripped into the 
granulator barrel. Due to this immersion nucleation, the size of the agglomerates is 
approximately comparable to the size of the granulation liquid droplets. The wetting zone 
consists solely of conveying elements, and is thus a low-shear environment. That is why a 
significant part of the preblend remains un-granulated after the wetting zone, and this results 
in the observed bimodal GSDs at low L/S ratios (Figure 2a).  
At higher L/S ratios, more granulation liquid is available for granulation, leading to a 
diminished height of the first peak (Figure 2b). In the subsequent kneading zones, the 
granules are reshaped due to the high-shear environment: particles both aggregate (as can be 
seen in a shift towards larger particles) and break up (Figure 2a-2b). For low L/S ratio, 
particles elongate more, whereas for high L/S ratio, the granules are more spherical. 
The proof for the explanation of the behaviour in the GSD in the wetting zone is found in the 
liquid distribution among the particle sizes. In this zone, a poor liquid distribution is seen, 
where the liquid is more likely to be found in the larger granules. Due to the low-shear 
environment (only conveying elements), the liquid is unable to be distributed homogeneously 
over the entire GSD. It is only after the kneading zones (high-shear environment), that the 
liquid is distributed evenly across all granules (Verstraeten et al., 2017).  
4. PBM model development 
a. PBM formulation 
Traditionally, a single combined aggregation-breakage PBM is used to model TSG. Such a 
PBM is given in Eq. 1. 
  (1) 
Where n(t,x) is the number distribution, x,x’) the aggregation frequency, S(x) the breakage 
rate and b(x,) the daughter size distribution. The latter functions are termed “kernel” in PBM 
terminology and will be addressed like this in the remainder of this chapter. The first two 
terms on the right hand side represent respectively the birth and death of a particle of size x 
due to aggregation. The third and fourth terms represent birth and death terms due to 
breakage. 
However, from the available data, this hypothesis seems not to hold throughout the twin 
screw granulator as it behaves spatially inhomogeneous along the barrel length due to the 
specific configuration of the liquid addition ports and kneading blocks. For a sound 
mathematical description of this process, the barrel hence needs to be subdivided into four 
well-mixed zones (three compartments and the initial blend at zone 0). The hypothesised 
dominant granulation processes are aggregation in the wetting zone, and combined 
aggregation and breakage in the kneading zones. A visual representation of the 
compartmentalisation of the PBM is given in Figure 3. 
 
b. Specifics of PBM numerical solution 
Equation 1 is an integro-differential equation for which, only for a few specific kernels, an 
analytical solution exists (Kumar, 2006). In all other cases, numerical techniques have to be 
used to solve this equation: the method of successive approximations (Ramkrishna, 2000), the 
finite elements methods (Mahoney and Ramkrishna, 2002; Nicmanis and Hounslow, 1996; 
Rigopoulos and Jones, 2003), the method of moments (Barrett and Jheeta, 1996; Marchisio 
and Fox, 2005; Madras and McCoy, 2004), Monte Carlo simulation methods (Kruis et al., 
2000; Lee and Matsoukas, 2000; Lin et al., 2002; Smith and Matsoukas, 1998), the finite 
volume scheme (Bennett and Rohani, 2001; Bove et al., 2005; Chang, 1995; Filbet and 
Laurencot, 2004, Motz et al., 2002; Verkoeijen et al., 2002), and the cell average technique 
(CAT) (Kumar et al., 2006a). Here, the latter technique is chosen, as it can tackle both 
aggregation and breakage problems. In a numerical analysis of the CAT, it was denoted to be 
efficient and accurate, as it prevents over-prediction of number density for the larger particles 
and limits a diverging behaviour of higher moments.  
The CAT is consistent with the first two moments, if required, it is possible to generalise this 
to any two moments (Kumar et al., 2006a). The consistency of the first two moments was 
opted as good modelling practice as they represent the total number of particles (zeroth 
moment) and the total volume (first moment). 
The number of bins in the PBM were chosen as such that experimental data could be loaded 
in swiftly without the need for interpolation. By doing so, possible interpolation errors are 
avoided. Two measurement techniques were used: QICPIC for the granules and Mastersizer® 
S for the dry premix (size of the premix powder was too small to be analysed with image 
analysis (QICPIC)). The grid is a combination of the grid of the aforementioned techniques 
with a total of 58 bins: 14 from the Mastersizer® S (logarithmically spaced between 0.9 
micron and 7.72 micron and 44 from QICPIC (logarithmically spaced between 8.46 micron 
and 34519.36 micron). The residence times in the different zones of the granulator were 
chosen to be 1/6, 1/3 and 1/2 of the experimentally determined total residence time for the 
wetting zone, first and second kneading zones, respectively, as was determined earlier (Lee et 
al., 2012; Kumar et al., 2016). 
c. Kernel description for the wetting zone 
As observed earlier, the GSD often exhibits a bimodal shape after the wetting zone. 
Experiments at a low L/S ratio exhibit more bimodality in the GSD than experiments 
performed at high L/S ratio. However, only a low-shear environment is present. This leads to 
the hypothesis that breakage is not likely the mechanism leading to the bimodality but rather a 
difference in aggregation rate of different sized particles, which is confirmed by the liquid 
distribution over the different size classes, where a lower liquid content in the lowest size 
classes indicates the existence of ungranulated material. Hence, we hypothesise that a 
difference in aggregation rate of different sized particles is responsible for the bimodality. 
Wetted particles aggregate faster than unwetted: the fines have a lower dye recovery than the 
largest particles.  
Nevertheless, a one-dimensional PBM with granule size as internal coordinate was chosen, so 
a direct incorporation of liquid distribution is not possible. As stated in the introduction, the 
one-dimensional model was chosen to limit both the number of parameters needed for 
calibration and the required data collection. With the current availability of data it was not 
possible to construct a well-formed multidimensional PBM, with, for instance, liquid content 
as one of its internal coordinates. However, if measurement methods improve, a sound 
multidimensional PBM might become possible in the future.  
Obtaining bimodality with a pure aggregation kernel is not obvious as most kernels described 
in literature are monotonous in nature and can never lead to bimodality. In order to obtain 
bimodality with a pure aggregation process, a new type of kernel hence needs to be 
developed. From the data, a kernel with a step-like behaviour as a function of granule size is 
proposed. Granules larger than a critical diameter will aggregate significantly faster than those 
of smaller size, driven by their higher liquid content. Indeed, it was observed that larger size 
particles still have liquid available to further aggregate, while smaller ones do not and, hence, 
are unlikely to further aggregate. Introducing such a kernel shape leads to a dip in the GSD, 
hereby creating a bimodal distribution. The reasoning behind this is that the introduced 
droplets of granulation liquid will wet the powder, and almost instantaneously form large 
initial nuclei of about 300 micron (first peak in GSD, see Figure 2a and 2b). These wet large 
granules will scoop up other particles and granulate further, but due to unequal liquid 
distribution, they will aggregate faster than the less-wetted or even still completely dry small 
granules. For the wetting zone, the newly developed collision frequency is given by equation 
2. 
(2) 
As can be noted from equation 2, the collision frequency is in fact a convolution of two parts: 
a two-dimensional stepping function (to induce the bimodality from an initial monomodal 
distribution), and a monotonously increasing part that drives the aggregation to larger sizes 
(similar to traditional kernels). A visual representation of the kernel is shown in Figure 4. 
 
R2 represents the particle size where the step is located. Physically, it represents the critical 
diameter: particles larger than this size will aggregate significantly faster than those who are 
smaller. In Figure 4, this is at 1500 micron. R1 represents the particle size where the step goes 
to zero. In this study R1 is chosen to be at 7000 micron based on the dimensions of the TSG 
and the measured GSD. The physical interpretation is that granules cannot aggregate further, 
which was observed from the experimental data. The heights of the steps are determined by 
parameters top1 and top2.  
The smoother () is used to make the step not too abrupt. Its usage is mainly for numerical 
reasons: the integrator used to solve this ordinary differential equation can have difficulties 
with the sudden increase in value of the aggregation kernel and suffer from instabilities (i.e. 
oscillations). 
d. Kernel description for the kneading zones 
The kneading zones each consist of one kneading element and one conveying element (Figure 
1). As observed in the dye recovery tests, the liquid is redistributed and mixed thoroughly in 
the kneading zones (Verstraeten et al., 2017). Further, due to the kneading elements, there 
exists an obstruction for larger particles to move through the granulator. Hence, breakage is 
likely to occur. Therefore, it was hypothesized that a combination of aggregation and 
breakage to model the dynamics in these compartments is required. The aggregation kernel in 
this kneading zone is the first part of the previously established kernel (the stepping function) 
from equation 2. As to the breakage, the frequently employed power law selection function 
was used. The daughter size distribution was chosen to be a combination of attrition and 
binary breakage (Tan et al., 2004) as given in Equation 3. 
  (3) 
Here, m and d are the volume of the mother and daughter particle, respectively.  and  are 
the standard deviation and the mean of the Gaussian normal distribution corresponding to the 
particles that result from erosion, in particle size. fprim is the fraction of granules selected to 
form small fragments. Here,  and  are chosen to be constant at 50 micron and 300 micron 
based on the observed trends in experimental data. 
5. PBM model calibration 
To calibrate the different models, a global optimisation method was used as it is more robust 
with regards to local minima. The whole parameter space was sampled using Latin Hypercube 
Sampling (LHS) (Hardin and Sloane, 1993).  
The boundaries of the parameter space were defined as follows: 0 ∈ [1e-2, 1e6], R2 ∈ [100, 
4000], top1 ∈ [1,1000], c ∈ [0.01,100], fprim ∈ [0.001,1], and S0 ∈ [1e-7,1e-3]. A total of 
1250000 simulations or, on average, approximately 46000 for each experiment and location 
were run. These simulations were run in different rounds of calibration, until the results were 
deemed to be sufficiently accurate. To speed up the calculation time, the different simulations 
were run in parallel on a Linux server with eight octa core processors. The obtained GSDs 
from the simulations were subsequently analysed. First, a general check was made whether 
the simulation was run successfully: volume conservancy, achieved integrator tolerance, 
absence of integrator errors and warnings. Afterwards, the parameter set which gives the best 
fit to the experimental data was determined by searching for that parameter combination that 
yields the minimal value of a user-defined objective function (i.e. a quantification of the 
mathematical distance between measurements and model prediction). The objective function 
used in this study is the sum of squared errors (SSE) between the measured and simulated 
GSD on the volume fraction (SSE = ∑(𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 −𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑)2). It is noteworthy that the 
global optimisation method actually allows use of different objective functions as it is only 
computed in the data analysis posterior to the model simulations. This is not the case for local 
optimisation methods. For each calibration round, a number of samples was chosen in the 
parameter space using LHS. After simulation and calculation of the objective function, it was 
determined whether another iteration was necessary by checking the value of the objective 
function. If the value of the objective function was sufficiently low, or did not significantly 
decrease anymore, the calibration procedure was considered to be finished. It was estimated 
that a relative, Gaussian noise level on the data of about 25 to 33% would be realistic. This 
corresponds to an SSE of 45 and 80, respectively.  
These values were obtained by adding relative, Gaussian noise to the datasets and calculating 
the SSE value (10000 repetitions for each data set). If the obtained SSE value from the 
simulations lies within the aforementioned boundaries, the simulations were deemed to be 
sufficiently converged. Calibrations are performed separately for each compartment, resulting 
in 27 calibrations. The optimal parameter sets from the different zones (wetting, first and 
second kneading) are afterwards checked to evaluate the quality of the compartmental model 
from preblend straight to the end of the granulator. 
6. Results for the wetting zone 1 
A selection of the resulting GSD of the calibrated experiments are visualised in Figures 5a-5d. 
An overview of the calibrated parameters and the value of the objective function is given in 
Table 2.  
 
As can be seen in the aforementioned figures, GSDs with both low and high amounts of 
bimodal behaviour can be well predicted using a model with one single kernel and by only 
modifying a limited number of parameters that have the physical meaning of driving the 
amount of observed bimodality. Figures 5a and 5b denote the experiments with low L/S ratio. 
In these experiments, bimodality is much more present in the GSD. The model is able to 
predict the location of the two peaks accurately without significant overprediction. However, 
there is some under-prediction in the region between the two peaks, but overall, the model is 
performing well. Note that the kernel function could be further finetuned to improve the 
prediction in this area, but this was deemed outside the scope of the current work and will be 
further researched. Regarding the experiments with high L/S ratio (Figures 5c and 5d), the 
model is performing slightly better. The under-prediction as seen at the low L/S experiments 
is also present, albeit to a smaller extent. Overall, the calibrated experiments fall below the 
previously established acceptance limit of the objective function. The values for parameter 
top1 are generally higher for the low L/S experiments (N1 to N4). This was to be expected as a 
large value of top1 is needed to achieve a bimodal distribution. This trend can be linked to the 
liquid availability: lower liquid availability leads to a difference in collision efficiency of the 
particles due to the unequal liquid distribution (Verstraeten et al., 2017).  
 
The difference in collision efficiency is obtained in the model with larger values of the 
parameter top1. No clear trend is observed for parameter c and it could be considered in the 
future to omit this parameter from the calibration or even from the model. The total 
aggregation, which can be described as a convolution of MRT, 0 and top1, is, as expected, in 
the same order of magnitude for all the experiments. This is due to the fact that the largest 
particles for each experiment are all in the same order of magnitude. For all experiments 
except N5 and N6, the values of R2 are more or less in the size range of their expected value, 
i.e. the dip between the two peaks in the GSD. Considering experiment N6, the cause of the 
high value of R2 can be seen in Figure 5c: some overfitting of the model can be noticed here. 
7. Results for the first kneading zone 3 
The resulting GSD of the calibrated experiments are visualised in Figures 6a-6d. An overview 
of the calibrated parameters and the value of the objective function is given in Table 3.  
 
In this zone, there is some discrepancy in the achieved results between low and high L/S ratio. 
The mid (Figure 6b) and high L/S ratio experiments (Figures 6c and 6d) are predicted better 
which is attributed to lower complexity of the GSD shape. The SSE values in Table 3 are for 
more than half of the experiments out of the predefined range. However, it should be noted 
that for experiment N6 (Figure 6d) the SSE is high (88.41), but the obtained fit is nevertheless 
acceptable. The prediction of the fines in the 100-500m granule diameter range could be 
improved in future work. The parameter values for 0 and top1 are higher compared with the 
simulations of the wetting zone 1, this is due to the lower value of the collision frequency 
function, (x,), as only the first factor of equation 2 was used for the kneading zone. The 
values for 0 are higher for high L/S experiments: this indicates a higher level of aggregation, 
which was also observed in data. This is explained by a higher amount of available 
granulation liquid during granulation. The parameters values of fprim, and to a lesser extent S0 
are within the same order of magnitude for all the experiments. This illustrates that breakage 
behaviour in this first kneading zone appears, to some degree, to be equal. 
8. Results for the second kneading zone 6 
The resulting GSDs of the calibrated experiments are visualised in Figures 7a-7d. An 
overview of the calibrated parameters and the value of the objective function is given in Table 
4.  
 
In this second kneading zone 6, the calibration results for all experiments is satisfactory: for 
mid and high L/S ratios the fit is good. The low L/S experiments suffer from the same 
shortcomings as the experiments in the first kneading zone 3: the predictions in the 100-
500m granule diameter range could be improved. Overall, the obtained results for the second 
kneading zone 6 are better than those of the first kneading zone 3. This is reflected in the 
objective function values (Table 4) with exception of experiment N7 and N8, they are all 
within the predefined range. The same sidenote as in the first kneading zone should be made: 
experiment N7 can be simulated with a good precision (Figure 7d), however the resulting SSE 
value is high (341.55). Regarding the parameter values: compared to the parameters of the 
first kneading zone, the values of top1 are more within the same range. This could indicate that 
in the second kneading zone, the aggregation mechanism is more equal for all tested 
experimental conditions compared to the wetting zone and the first kneading zone. 
Considering parameters 0, fprim and S0: the changes are not equal in all the experiments, some 
experiments show some more generation of fines, whereas in other experiments, the granules 
aggregate further. No clear trend is observed for parameter R2. 
9. Results of direct simulation from preblend to final granules at TSG outlet (Zones 1-6) 
As mentioned in section earlier, the compartmental model is comprised of the different 
calibrated zones of the granulator. Here, the three submodels from the previous sections are 
put in series to mimic the overall system. The calibrated parameter sets for each submodel 
obtained in the previous sections are used, hence, no further calibration was performed when 
constructing the full compartmental PBM. This latter model is important in an industrial 
context: given an initial powder premix, what GSD is to be expected at the TSG outlet? It is 
not sufficient that separate compartments can be predicted accurately, the model as a whole 
needs to predict GSDs at the outlet of the granulator in a sufficient manner. A selection of the 
results is visualised in Figures 8a-8d.  
The overall performance of the model is quite satisfactory. The high L/S ratio experiments are 
predicted more accurately than low L/S counterparts. It can clearly be seen that non perfect 
calibration of single zones leads to a propagation of simulation errors through the whole 
model. However, the model appears to behave quite robust, and manages to yield good 
predictions. The values of the objective function, the comparison of the simulated and the 
measured GSD at the outlet of the TSG, can be found in Table 5. The values in this table 
support the claim that the model is quite robust: the error propagation is not excessive, as the 
SSE values are still in the same range as the values from the individual calibrated 
compartments. 
 10. Outlook 
This modelling effort is the first step towards a generalised mechanistic PBM for twin-screw 
wet granulation. The main advantage of this work is that it was able to use high quality data, 
obtained by Verstraeten et al., 2017, of in-barrel properties, whereas others only use inlet and 
outlet measurements. This high quality data was essential in the search of a representative 
kernel for the PBM that would not be possible to attain otherwise. After this first model 
iteration, some remarks can be made: first, the current kernel formulations can be improved in 
future work. The kernel structure could be adjusted to better mimic the behaviour of the TSG, 
or some simplifications could be made to reduce the number of parameters, leading to a more 
straightforward calibration procedure. Indeed, in an industrial context, the GSD data is often 
only available for the preblend and at the end of the granulator. The possibility of calibrating 
the model using only this limited data and the obtained knowledge on the mechanisms in the 
different compartments, needs to be investigated. Building on this, a clear link between the 
model parameters and operational conditions needs to be in place to attain this goal. The next 
step is to experimentally generate a validation dataset and test the predictive power of the 
model. This would point out that the model structure is valid, and is able to predict GSD in 
the whole design space within certain confidence intervals. Further it is essential to test this 
model with experimental data from a different formulation. As in this work, a hydrophobic 
formulation containing hydrochlorothiazide was used, a next logical step would be to calibrate 
a hydrophilic formulation, and make the comparison between these two formulations. After 
validation with another formulation, the goal would be to use the model at the stage of data 
collection: predicting which experiments will yield the most information on the granulation 
behaviour and thus reducing the number of required experiments. 
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Figures 
 
Figure 1 - Visual representation of the different compartments or zones along the length of the twin-
screw granulator. The different locations in the granulator are marked with numbers, the locations 
where samples were taken are marked in white  
 
Figure 2 – Particle size distributions (volume fraction in function of granule size) for powder premix, 
granules produced during wetting and after the first kneading zone with the hydrophobic 
formulation using a low (left) and high (right) L/S ratio 
 
Figure 3 - Visual representation of the compartmentalisation of the PBM: these figures link the zones 
in figure 1 to the compartments used in this study. A total of three compartments are used coinciding 
with data availability: one for the wetting compartment between zone 0-1, and one for each 
kneading compartment between zone 1-3 and zone 3-6, respectively 
 
 Figure 4 - Visual representations of the collision frequency 𝛽(𝑥, 𝜖): an example of the step-like 
function (left), an example of the full equation (right) 
 
Figure 5 - Calibrated simulation results for the wetting zone 1 (hydrophobic model drug). GSD are 
visualised in volume fraction (%) as a function of granule size (m). In this case, granule size is 
defined as the equivalent diameter of the granule. The process parameters can be found in Table  1, 
the calibrated model parameters are provided in Table 2. 
 Figure 6 - Calibrated simulation results for the first kneading zone 3 (hydrophobic model drug) . GSD 
are visualised in volume fraction (%) as a function of granule size (m). In this case, granule size is 
defined as the equivalent diameter of the granule. The process parameters can be found in Table  1, 
the calibrated model parameters are provided in Table 3. 
 
 Figure 7 - Calibrated simulation results for the second kneading zone 6 (hydrophobic model drug). 
GSD are visualised in volume fraction (%) as a function of granule size (m). In this case, granule  size  
is defined as the equivalent diameter of the granule. The process parameters can be found in Table 1, 
the calibrated model parameters are provided in Table 4. 
 Figure 8 - Simulation results for the whole compartmental model (hydrophobic model drug). The 
three single calibrated models (wetting zone 1, first kneading zone 3, and second kneading zone  6)  
are put in series without recalibration. GSD are visualised in volume fraction (%) as a function of 
granule size (m). In this case, granule size is defined as the equivalent diameter of the granule. The 
process parameters can be found in Table 1, the calibrated model parameters are provided in Tables 
2, 3 and 4. The table with the overview of the resulting SSE values (comparison of the output of  the 
compartmental model and the measurements) can be found in Table 5. 
  
Tables 
Table 1 - Process parameters of the experimental conditions of the DoE 
 
Table 2 - Calibrated parameters for the wetting zone 1 for the performed experiments (hydrophobic 
model drug) 
 
Table 3 - Calibrated parameters for the first kneading zone 3 for the performed experiments 
(hydrophobic model drug) 
 
Table 4 - Calibrated parameters for the second kneading zone 6 for the performed experiments 
(hydrophobic model drug) 
 
Table 5 - Objective function values for the comparison of the granules at the outlet of the TSG for the 
full, three compartment PBM (hydrophobic model drug)  
 
